PBSX is a phage-like bacteriocin (phibacin) of Bacilus subtilis 168. Bacteria carrying the PBSX genome are induced by DNA-damaging agents to lyse and produce PBSX particles. The particles cannot propagate the PBSX genome. The particles produced by this suicidal response kill strains nonlysogenic for PBSX. A 5.2-kb region which controls the induction of PBSX has been sequenced. The genes identified include the previously identified repressor gene xre and a positive control factor gene, pcf. Pcf is similar to known sigma factors and acts at the late promoter P which has been located distal to pcf. The first two genes expressed from the late promoter show homology to genes encoding the subunits of phage terminases.
The defective bacteriophage PBSX of Bacillus subtilis 168 is a phage-like bacteriocin, or phibacin, with curious biological properties. PBSX lysogens exposed to DNA-damaging agents produce PBSX phage-like particles which kill other nonlysogenic Bacillus strains (25) by binding to and disrupting the cell wall. Each PBSX particle has a small head and a relatively long tail. Phage heads appear to contain randomly selected 13-kb segments of host DNA, which are not injected into susceptible cells. PBSX is therefore not propagated by these particles (25, 26) . PBSX appears to be a particulate bacteriocin which has evolved from a bacteriophage.
Induction of PBSX is controlled by the repressor gene xre (6, 27, 40, 41) . The amino acid sequence of Xre predicts that it is a helix-turn-helix (HLH) protein resembling other DNAbinding proteins such as lambda cI and Cro (14, 41) . However, little is known about the mechanism of action of Xre, and apart from the suggestion that xre and a neighboring gene, now called open reading frame 10 (ORF10), are regulated by Xre itself, nothing is known about how the late genes are regulated (41) .
All known structural and lytic protein genes have been shown to be clustered within a large operon of at least 19 kb in length, which appears to be expressed from a single late promoter region called PL ( Fig. la) (40) . A number of mutations in regulatory genes, including xin (noninducible for PBSX) and xhi (heat inducible for PBSX), are located proximal to mutations affecting phage head and tail proteins such as xhd, xtl, and xki (6, 38) . A regulatory mutation, xhi-1479, renders PBSX thermoinducible (6) . A 1.2-kb EcoRI fragment from a PBSX wild-type strain was found to complement the xhi-1479 mutation, and sequence analysis identified the xre gene as the site of the mutation (41) . xhi-1479 is thus analogous to the cIts857 mutation of bacteriophage lambda (36) . An insertion mutation called 316, which lies upstream of the major late operon, abolishes induction of the prophage (40) . This finding suggests that there are other genes, possibly between xre and the late operon, which are required for late gene expression.
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In this report, we present the sequence and analysis of a 5.2-kb segment of DNA which spans the repressor gene xre, the site of insertion directed by fragment 316, and the late promoter PL. A model which describes the roles of these genes and sites in the regulation of PBSX late gene expression is presented.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids are listed in Table 1 .
Media. B. subtilis and Escherichia coli were grown in LuriaBertani (LB) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) or LB agar. For selection, media contained chloramphenicol (at 3 pug/ml for low-copy-number vectors and 5 jig/ml for higher-copy-number vectors) and kanamycin (5 pug/ml) for B. subtilis, or chloramphenicol (15 jig/ml) and ampicillin (100 pug/ml) for E. coli as appropriate. a-Amylase activity was detected by adding starch (0.2%) to the media, and plates were stained over iodine crystals. For selection of auxotrophic markers in B. subtilis, cells were grown in 1 X Spizizen salts [0.6% KH2PO4, 1.4% KHPO4, 0.2% (NH4)2S04, 1.1% Na3 C6H507 2H20, 0.02% MgSO4@7H20] supplemented with 0.5% glucose, appropriate amino acids (0.005%), and nucleosides (0.01%). PBSX was induced by mitomycin at a final concentration of 0.1 ,ug/ml (27) .
Transformation. B. subtilis competent cells were prepared and transformed as described by Contente and Dubnau (10) . E. coli competent cells were prepared and transformed as described by Cohen et al. (9) . DNA preparations. All DNA manipulations for both E. coli and B. subtilis were performed as described by Sambrook et al. (30) . B. subtilis chromosomal DNA was prepared by the method of Rodriguez and Tait (29) .
RNA preparation. B. subtilis RNA was isolated as described by O'Reilly et al. (28) . Cells were filtered through 115-ml Nalgene filters (0.45-mm pore size), washed with 1 ml of STET buffer (8% sucrose, 0.5% Triton X-100, 50 mM Tris-Cl [pH 8.0], 10 mM EDTA, 4 mg of lysozyme per ml), and incubated on ice for 15 min to allow for cell lysis. The lysate was extracted twice with 2 (40) to identify PBSX operons are indicated at the top. The early region was defined by integration of fragment 316, which abolishes PBSX induction. The late operon encodes phage structural and lytic proteins, which are expressed from a single promoter (PL) within fragment 38. Restriction sites: B, BamHI; E, EcoRI; S, Sacl. (b) Structural map of the early and middle regions of PBSX. Fragments 316 and 38, as discussed above, are shown in boldface. Fragment xl complements thexhi-1479 mutation, which renders PBSX thermoinducible, and encodes a repressor protein (Xre) of PBSX. The orientation of fragments xl, x2, 316, x4, and 38 was determined by Southern analysis (results not shown). The early, middle, and late regions are defined in the text. Restriction sites: E, EcoRI; H, HindIII; S, SacI. (c) ORFs identified in the 5.2-kb region of PBSX. Six complete ORFs are in the same orientation, while xre is in the opposite orientation. It is proposed that Xre is autoregulated by selective binding to four operator sites within the operator-promoter (O-P) region. We propose that upon induction of PBSX, ORF10, ORF3, ORF5, ORF6, and ORF7 are expressed as a single transcriptional unit, as indicated by dotted lines. T, is similar to known rho-independant transcriptional terminators, suggesting that transcription may terminate or pause at this site. Antitermination, possibly directed by ORF5, would allow expression of Pcf and therefore transcription from PL into the late genes. The first two of these late genes, ORF8 and ORF9, appear to encode the small and large subunits of a terminase. pug/,ll. All Reaction mixtures were separated on 6 to 8% acrylamide gels in 1x Tris borate buffer (as described by Sambrook et al. [30] ). Gels were dried under vacuum and exposed to X-ray film at room temperature.
Sequence analysis. All sequences were analyzed by using the services of the Irish National Centre for Bioinformatics. Sequences from deletion points were entered into the Staden package (34) and aligned (by at least 20-bp overlap between each point) to give the consensus sequence. The sequence was analyzed with the PCGENE package (release 6.5). Similarity searches were performed at the National Center for Biotechnology Information (Bethesda, Md.), using the BLAST network (2) . Multiple alignments were performed with the CLUSTAL program (18) .
Nucleotide sequence accession number. The nucleotide sequence accession number of the sequence reported is Z34287.
RESULTS
Sequence analysis of the control region of PBSX. Earlier studies have shown that the PBSX repressor gene xre is located on restriction fragment xl, and our evidence suggests that the late promoter may be positioned on restriction fragment 38 (40, 41) (Fig. 1) . A restriction map of the 5.2-kb region between the repressor gene xre and fragment 38 was generated (Fig. lb) . This region was found to contain a 1.0-kb EcoRI fragment, 316, which had been suggested to lie in the early region of PBSX (40) . The DNA sequences of fragments x2, 316, x3, and 38 were determined and are shown together with the previously determined sequence of xl (Fig. 2) .
The 5,245-bp sequence was searched for ORFs of greater than 200 bp in length. Ten ORFs, ranging in size from 243 to 831 bp, were identified ( Fig. 1 and 2 ). With the exception of ORF4, all ORFs had potential AUG or GUG start codons preceded by apparent Shine-Dalgarno sequences (16, 23) . These ORFs were translated and each used to search the NBRF/PIR protein (release 37.0) and GenBank (release 78.0) translated databases. ORF1 and ORF9 are incomplete. ORF2 was previously identified as the PBSX repressor gene xre (41) . ORF4, ORF6, and ORF10 showed no significant similarity to any known proteins in the databases searched.
ORF3 shows a putative HTH motif between residues 58 to 80, as determined by the method of Dodd and Egan (12) , suggesting that ORF3 may be a DNA-binding protein.
ORF5 encodes a potential protein of 30.5 kDa and shows limited similarity to a number of NTP-binding proteins. Examination of the sequence revealed the presence of two short blocks of residues which are characteristic of NTP-binding proteins (11) (Fig. 3) . Weak similarity was also found between the N-terminal region of ORF5 and the X N protein. Closer analysis of the region led to the identification of a putative arginine-rich subdomain which is conserved in many RNAbinding proteins ( Fig. 3) 
of Streptomyces aureofaciens (19) , WhiG of Streptoverticillium griseocameum (33) , orF of Pseudomonas aeruginosa (35) , and (G of Clostridium acetobutylicum (32) .
Multiple alignments of known sigma factors have revealed regions and subregions of high conservation (15, 17, 22 (12) . This HTH motif is preceded by a short stretch of amino acids which are conserved across sigma factors in region 4.1 (Fig. 4) .
ORF8 encodes a potential protein of 23.6 kDa and is 30% identical to the small subunit of terminase (gpl) from phage SPP1 of B. subtilis and to an ORF downstream of the rinA gene (12) . The gpl protein also has an HTH motif at the equivalent position. In addition, a putative ATP-binding motif (motif A, AXXXXGPL; residues 159 to 166) and a nucleotide-binding pocket (motif B, DE; residues 66 and 67) were identified in ORF8; these are also present in gpl. These motifs were also identified in the incomplete ORF downstream from the ninA gene in 411 of S. aureus (43) . We propose that ORF8 also encodes a terminase subunit. The gene organization of the terminase subunits is highly conserved in SPP1 and in several E. coli bacteriophages (5, 37) . In these phage systems, the terminase enzyme, consisting of a small and a large subunit, recognizes apac site which is located within the small subunit gene and is flanked by repeated elements. No putative pac site was identified in this region. ORF9, which is incomplete, is 43% identical to the amino-terminal region of the large subunit (gp2) of the terminase from SPP1. promoter for the late genes (40) . To test this hypothesis, fragment 38 (a 1.3-kb EcoRI-SacI fragment) was cloned immediately upstream of a reporter gene, lacZ, in pDG268. This construct was integrated via a double-crossover event at the amyE locus on the chromosome of B. subtilis RB1081 (7), a strain which is deleted for the PBSX prophage, creating B. subtilis RB1081::38-lacZ. Hybridization analysis of B. subtilis RB1081 showed that the region deleted for PBSX includes all the sequences cloned by Wood et al. (40) , including the xre gene and the genes of the late operon (data not shown). B. subtilis RB1081::38-lacZ did not show ,B-galactosidase activity, indicating either that fragment 38 does not have a promoter or that the promoter requires a PBSX function in trans (Table 2) . To distinguish between these two possibilities, the same construct was integrated at the amyE locus in a PBSX+ strain, B. subtilis IA420. In B. subtilis IA420::38-lacZ, expression of ,-galactosidase was observed only after the addition of mitomycin, which induces PBSX. These results suggest that there is a promoter on fragment 38 which is regulated by a positive control factor, Pcf, synthesized after treatment with mitomycin and presumably encoded by PBSX.
Identification of the pcf gene. An experiment was designed to isolate the gene encoding the positive control factor (Pcf). This was based on the proposition that the pcf gene should work in trans and confer P-galactosidase activity on the PBSXstrain B. (18) . Asterisks underlie residues conserved in all proteins, and dots underlie conserved residues. The position of conserved regions 4.1 and 4.2 (including the HTH motif) are indicated below the sequence, and residues in boldface have previously been identified in multiple alignments of sigma factors (22) . (21) and transformed into B. subtilis RB1081::38-lacZ. Transformants were screened for f3-galactosidase activity as described in Materials and Methods. j3-galactosidase activity was observed in the presence of fragment x4 in trans (a), suggesting that either or both ORF6 and ORF7 were required for transcription from fragment 38. Fragments b and c were subsequently subcloned and when tested indicated that ORF7 was required only for positive control. An insertion of 8 bp into a unique HpaI (HP) site in fragment x4 disrupts ORF7 (d). The deletion of a BclI (B) fragment, including the 5' end of ORF7 (e) also disrupted positive control. Other restriction sites: H, HindIll; E, EcoRI; C, ClaI; B, BclI; A, HpaI; P, PstI; S, Sacl.
ity. Three transformants, each of which grew poorly, were isolated, and the colonies were sectored. When the colonies were restreaked onto indicator plates (as described above) they segregated white colonies. Each of the three clones had recombinant plasmids containing a 1.5-kb HindIll fragment insert called x4. The result suggested that fragment x4 carries the gene pcf for the positive control factor. Southern analysis showed that fragment x4 overlaps both fragments 316 and 38, as indicated in Fig. 1 (results not shown) .
Mutational analysis of x4. Fragment x4 includes ORF6 and ORF7. Cleavage of x4 with ClaI produces two fragments, one carrying ORF6 and the other carrying ORF7 (Fig. 5) . Each was subcloned into the SmaI site of pEB112, downstream from the weak tac promoter and in the correct orientation for expression (results not shown). Subsequent plasmids were transformed into B. subtilis RB1081::38-lacZ. Plasmids containing ORF6 alone did not confer ,3-galactosidase activity, but those containing ORF7 did (Fig. Sb and c) . The predicted sizes of proteins encoded by ORF6 and ORF7 are 12.6 and 20.1 kDa, respectively. Both of these fragments were cloned into E. coli expression vectors and were found to encode proteins of the predicted sizes (results not shown).
ORF7 was mutagenized in two different ways to verify that it encoded the Pcf activity. First, pUC19/x4 was linearized with HpaI and religated in the presence of an 8-bp XbaI phosphorylated linker (CTCTAGAG; Pharmacia). This construct (Fig.  Sd) causes a frameshift mutation in the 3' end of ORF7, which should lead to premature termination 17 amino acids downstream from the insertion. The HindIII insert carrying the mutagenized ORF7 was subcloned into the HindIII site of pEB112 and used to transform B. subtilis RB1081::38-lacZ. It did not confer P-galactosidase activity.
A second mutation was made in ORF7. pUC19/x4 was digested with BclI to release a unique 300-bp fragment which overlaps the start of ORF7 (Fig. 4e) . The vector was religated, and the HindIII insert was recloned into pEB112 and used to transform B. subtilis RB1081::38-lacZ. This ORF7 deletion mutant did not confer 3-galactosidase activity. It is concluded that ORF7 encodes the PBSX positive control factor Pcf.
Localization of a late promoter in fragment 38. As shown above, fragment 38 contains a promoter which can be activated in the presence of Pcf. A number of constructs were prepared in order to map the late promoter PL more precisely.
pDG268/38 was completely digested with EcoRI and partially digested with PstI to remove the 5' 800 bp of fragment 38. Staggered ends were removed with T4 DNA polymerase, and the vector was religated, leaving fragment g upstream of the promoterless lacZ gene (Fig. 6 ). pDG268/g was integrated via a double-crossover event as described before into B. subtilis RB1081. No ,-galactosidase activity was observed in the presence or absence of the positive factor in trans.
Fragment f (a 360-bp HindIlI fragment; Fig. 6 ) was subcloned into the HindIII site of pDG268, again upstream of the promoterless lacZ gene and integrated into B. subtilis RB1081. Promoter activity was observed from this fragment only when the positive factor was present (Fig. 6) .
These results suggested that the promoter in fragment 38 is located within the 360-bp HindIII fragment f. This fragment is directly downstream from the pcf gene.
The promoter was located more precisely by using primer extension analysis. Two hundred-microliter aliquots of competent cells of B. subtilis RB1081::38.f-lacZ were transformed with pEB1 12 and pEB1 12/x4; 100 ,ul was plated onto 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside (X-Gal) plates. A second aliquot was added to 30 ml of LB broth. After 20 h of growth at 37°C, blue colonies were evident on X-Gal plates only in the case of pEB112/x4 transformants. RNA was isolated from 30 ml of the parallel cultures. Aliquots of these cultures were also tested on indicator plates for activity; those transformed with pEB112/x4 showed ,B-galactosidase activity. TC) centered at position 4290 in Fig. 2 was used for primer extension on total RNA. Extensions were carried out at 50'C. The results are presented in Fig. 7 . The apparent start site of transcription shown was mapped to position 4178 (with respect to Fig. 2 (41) . One of these, ORF4, is contained within ORF3 and is not preceded by a ribosome binding site; it seems unlikely to encode a protein.
Six of the ORFs are in the same orientation. Only xre (ORF2), which is located at the extreme left-hand end of the region, is oriented in the opposite direction. Wood et al. (41) suggested that xre regulates the transcription of all other PBSX genes by binding to the putative operator sites which lie upstream from ORF10; they also proposed that xre is autoregulated and that there is divergent transcription from the region between xre and ORF10 from promoters recognized by the major vegetative form of RNA polymerase (EA). The orientation of the other complete ORFs relative to xre, established by our sequence analysis, supports this proposal.
The data in the accompanying report (24) show that xre does indeed code for a protein which binds to the four operator sites between xre and ORF10 as suggested by Wood et al. (41) . At low concentrations, it binds to two operator sites (01 and 02) near ORF10, blocking both putative rightward promoters; at higher concentrations, it binds to 03 and 04 nearxre, blocking both leftward putative promoters. These results strongly suggest that Xre represses rightward transcription of ORF10 at low concentrations and autoregulates transcription of xre at higher concentrations.
We suggest that ORF10, ORF3, ORF5, ORF6, and ORF7 are expressed as a single transcriptional unit, the middle genes. A Campbell-type insertion introduced by recombination in fragment 316 (Fig. 1) is polar, blocking all late gene expression (40) . This implies that fragment 316 lies within a transcriptional unit and that a gene downstream from fragment 316 (possibly ORF7 or pcf) is required for late gene expression. Fragment 316 overlaps ORF5 and ORF6 (Fig. 1) ; thus, ORFS, ORF6, and ORF7 may belong to one transcriptional unit.
There is, however, a sequence (tentatively designated T1) between ORF6 and ORF7 (pcf) which resembles a rhoindependent transcriptional terminator (39). The putative terminator is 15 bp upstream of the ribosome binding site of ORF7 (pcf). If termination occurs at T1, transcription of pef may require the action of an antiterminator. The protein potentially encoded by ORF5 has some similarity to X N protein and may thus encode such an antiterminator. ORF7 encodes a positive control factor (Pcf) which is essential for transcription from PL (Fig. 5) . The sequence of Pcf shows similarity to sequences of several known sigma factors, including orB and a" of B. subtilis and WhiG Streptomyces coelicolor. The homology is strong in regions 4.1 and 4.2, which includes the segment of sigma factors which bind to the -35 region of each of the promoters (Fig. 4) . It seems likely that Pcf directs the transcription of the late genes from PL by acting as a sigma factor, but it remains puzzling that Pcf, at 20.1 kDa, is smaller than all known sigma factors.
Wood et al. (40) showed that integration directed by any fragment between fragment 38, at the left end, and fragment 39, which is 19 kb to the right, is mutagenic with respect to phibacin production. They proposed that the late genes were expressed from a single promoter in fragment 38. The data in Fig. 6 and 7 suggest that there is a promoter, PL within the left-hand end of 38 from which transcription starts at residue 4178. Integration directed by subfragment f is nonmutagenic (results not shown). Integration using the right-hand end subfragment g is mutagenic, implying that the end of an operon does not lie within subfragment g. The results suggest strongly that PL is the only promoter for the late genes.
The first two late genes transcribed from PL appear to be ORF8 and the incomplete ORF9. The predicted amino acid sequences of these ORFs show strong similarity to the sequences of the small and large subunits of the B. subtilis phage SPP1 terminase, respectively (37) . Phage SPP1, P22, and P1 terminases initiate packaging from specificpac sites, thereafter cutting at sequences determined by a headful mechanism. PBSX does not package its own DNA but instead packages an apparently random array of bacterial DNA fragments of 13 kb (25, 26) . It is possible that the PBSX terminase initiates packaging at an unidentified PBSXpac site in a manner similar to that of phages SPP1, P22, and P1 (5) and proceeds to package bacterial DNA in 13-kb fragments. If so, DNA sequences close to the PBSX locus should be packaged before those which are more distant. This prediction remains to be tested.
In summary, it appears that expression of the late genes of PBSX is regulated by a complex set of genes, including xre and pcf, which are sequentially expressed in a controlled manner in response to DNA damage. The repressor gene xre (24, 41) (6, 41) in a process which is dependent on the function of recA (27) . We suggest that after elimination of Xre, transcription proceeds from two overlapping putative rightward promoters into ORF10. Expression of ORFS may be required if transcription is to proceed into pcf. Expression of pcf, which may encode a sigma factor, is required for transcription from PL and thus late gene expression.
Expression of PBSX is suicidal for the host and for PBSX; the host is lysed, and particles which cannot propagate PBSX are released. The particles kill Bacillus strains which do not carry PBSX. Closely related strains which are nonlysogenic for PBSX, but which are competing for resources, are vulnerable to killing by PBSX, thereby increasing the chances of survival of PBSX lysogens in the same environment. It is interesting to ask why are there so many genes involved in triggering transcription from PL It seems possible that this complex system has evolved under selection for failsafe action. A series of switches, interlocked through feedback mechanisms and finely tuned to various physiological signals, would ensure that expression of PBSX late genes, which leads inevitably to lysis, would be initiated only as a last and suicidal response to DNA damage. Those cells that commit suicide, however, produce a factor that kills closely related but nonidentical cells while not affecting siblings of PBSX producers that have not sustained lethal damage.
